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REMARKS 

Applicants thank Examiner Leavitt for taking time to hold a telephonic interview on June 
30, 2009. Applicants agree with the substance of the Interview Summary provided by the 
Examiner on July 2, 2009. 

The claims 

Claims 1-3, 6-8, 11-12, 15-17, 19-21, 23-26, and 28 are pending. Claims 4-5, 9-10, 18, 
22, 27, and 29-41 are withdrawn. Claims 13-14 are canceled. Some of the claims are amended to 
clarify the Markush claim language. The amendments do not add new matter, and do not narrow 
the scope of the claims. 

Applicant requests that, once the claims currently under consideration are allowed, the 
claims reciting species which were not elected for preliminary examination {e.g., claims 4, 5, 9 
10, 18, 22 and 27) be examined. It is noted that claims 4, 5, 9 10, 18, 22 and 27 recite additional 
elements that were not recited in the examined claims. That is, they recite "further comprising" 
treating the mammalian mesenchymal cells with at least one secondary agent. Therefore, 
provided that the elected claims are deemed patentable, these additional claims, which merely 
add additional elements or steps, will not require a further search and examination, and should 
also be deemed to be patentable. 

Obviousness rejections 

The Examiner cites the Paralkar patent application ("Paralkar") for its alleged disclosure 
of in vitro and in vivo methods for enhancing bone formation in mammals, including humans, 
comprising administering HMG-CoA reductase inhibitors such as statins in combination with 
prostaglandin agonists. The Examiner points in particular to disclosures in the reference that 
statins allegedly enhance the expression of mRNA for BMP-2, an agent that has been reported to 
induce osteogenic differentiation. 

Many of the statements that the Examiner attributes to Paralkar were, in fact, the 
characterization by Paralkar of other publications that are referred to in that patent 
application. Without discussing the statements in Paralkar in detail, applicant notes that the 
reference reports that certain statins allegedly enhance the expression of markers associated with 
bone formation, or stimulate bone formation, presumably via a mechanism of stimulating the 
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formation of certain BMPs (e.g., BMP-2). However, the reference does not suggest or disclose 
that oxysterols can enhance osteoblastic differentiation. 

The Examiner argues that because both oxysterols and statins have been reported to 
inhibit HMG-CoA reductase activity, it would have been obvious for a skilled person 
to substitute oxysterols for the statins used by Paralkar, in order to induce osteoblatic 
differentiation (in MSCs), with a reasonable expectation of success. 

However, there is a logical disconnect to the allegation that oxysterols could substitute 
for the statins: Paralkar did not demonstrate a causal relationship between the ability of statins to 
inhibit HMG-CoA reductase activity and their alleged ability to induce osteoblastic 
differentiation. Thus, even if it were the case that certain statins, which can inhibit HMG-CoA 
reductase, could induce osteoblastic differentiation in MSCs, this does not necessarily mean that 
OTHER agents which inhibit HMG-CoA reductase, such as oxysterols, would also induce 
osteoblastic differentiation in MSCs. 

Biological phenomena, such as the physiology of osteoblastic differentiation, are 
complex and poorly understood. It would have been unpredictable at the time of filing the 
present application whether two different inhibitors of HMG-CoA reductase would have the 
same effect on, e.g., osteoblastic differentiation. Absent the establishment of a causal link 
between the ability of an agent to inhibit HMG-CoA reductase and the ability of the agent to 
induce osteoblastic differentiation, there would have been no motivation for a skilled worker to 
substitute an oxysterol for the statins of the Paralkar reference, with the requisite reasonable 
expectation of success . 

In fact, importantly, the inventor and his colleagues reported contemporaneously with the 
filing of the present application that at least one statin - metavastin (which is one of the statins 
listed by Paralkar, in paragraph [0011], line 9) - inhibits HMG-CoA reductase, but instead of 
stimulating osteoblastic differentiation in MSCs, it has the opposite effect and inhibits the 
induction of osteoblastic differentiation of marrow stromal cells or MSCs; and it inhibits the 
activity of alkaline phosphatase, which is a marker of osteoblastic differentation. See, e.g., 
Parhami et al (2002) J. Bone & Mineral Res 17, 1997, which is attached hereto, particularly the 
Abstract and page 1998, left column. The Parhami et al (2002) reference, by showing that at 
least one type of statin fails to stimulate osteoblastic differentiation in MSC, even though it 
inhibits HMG-CoA reductase, supports applicant's argument there is not a causal relationship 
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between the ability of an agent to inhibit HMG-CoA reductase and its ability to stimulate 
osteoblastic differentiation in MSCs and, in fact, teaches away from there being any such 
causality. It was thus not at all predictable at the time of filing the application whether a 
particular agent that inhibits HMG-CoA would stimulate or would inhibit osteoblastic 
differentiation of MSCs. This, alone, is sufficient to counter the allegation that Paralkar suggests 
or discloses that oxysterols can be substituted for statins to achieve osteogenesis, with a 
reasonable expectation of success. 

The "Parish" reference does not remedy the defects of Paralkar. 

To address the defect in Paralkar that it does not specifically teach osteoblastic 
differentiation with an oxysterol, the Examiner refers to the Parish paper for its disclosure that 
side-chain oxysterols are potent inhibitors of HMG-CoA reductase. Parish does not mention 
osteoblastic differentiation. Even if this paper did disclose that side-chain oxysterols are potent 
inhibitors of HMG-CoA reductase, the paper does not remedy the defect of Paralkar that it fails 
to show that an oxysterol (or, for that matter, any particular inhibitor of HMG-CoA reductase) 
would be expected to induce osteoblastic differentiation. Furthermore, Parish does not suggest or 
disclose that an inhibitor of HMG-CoA reductase can inhibit adipocyte differentiation of 
mammalian mesenchymal stem cells (as is required by claim 1). 

The "Wang " reference does not remedy the defects of Paralkar, or of Paralkar taken with 
Parish. 

The Examiner cites the Wang et al. reference for its alleged disclosure that treatment with 
statins (in this case, lovastatin) inhibits adipocyte differentiation and induces osteoblastic 
differentiation of mouse MSCs, as indicated by markers such as alkaline phosphatase activity, 
osteocalcin mRNA and cAMP production. 

Like the other references cited by the Examiner, Wang is directed to the effects of a 
statin , and does not suggest or disclose that an oxysterol could substitute for the statin to, e.g., 
induce osteoblastic differentiation. For this reason alone, the reference does not remedy the 
defects of Paralkar, or of Paralkar taken with Parish, which fail to teach that an oxysterol (or, for 
that matter, any particular inhibitor of HMG-CoA reductase) would be expected to induce 
osteoblastic differentiation. 
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Furthermore, and supplementally, the Wang reference does not directly test the ability of 
a statin - lovastatin - to inhibit adipocyte differentiation and induce osteoblastic differentiation of 
MSCs. Rather, this paper is directed to the development of a treatment that can preserve bone 
mass and prevent osteonecrosis in animals that are treated with steroids. That is, the paper 
studies the ability of the statin to reverse the effects of steroids (osteonecrosis, or the death of 
bone and bone cells) on marrow osteoprogenitor cells. The cells or animals are first treated with 
steroids, which induce fat expression and inhibit osteoblastic gene expression (or, in the animals, 
cause bone death, or osteonecrosis). The cells or animals are then treated with the statin to 
determine if it can reverse those phenomena. Even if Wang showed that statins can reverse the 
osteonecrotic effects of steroids (death of bone and bone cells), the reference does not show that 
the statins can induce osteogenic differentiation. For example, if steroids cause osteonecrosis in 
animals by inducing the death of osteoblasts, then the statins could be reversing this effect by 
inhibiting osteoblast death, rather than by stimulating osteogenesis. 

Therefore, Wang et al, either alone or in combination with Parish, does not remedy the 
defect of Paralkar, that it fails to suggest or disclose that an oxysterol (or, for that matter, any 
particular inhibitor of HMG-CoA reductase) would be expected to induce osteoblastic 
differentiation in an MSC. 

For at least the preceding reasons, neither the cited references nor the art at the time the 
invention was made provide a motivation to combine the cited references to achieve the 
presently claimed invention, with a reasonable expectation of success, and thus do not render the 
present claims obvious. Applicant requests that the obviousness rejection be withdrawn. 

Obviousness-type double patenting rejections 

Applicant, without acquiescing to any rejection, respectfully requests that the two 
provisional double-patenting rejections be held in abeyance until the allowance of claims in the 
instant application. While in no way admitting that the present claims are obvious over the 
claims of the cited applications, upon allowance of the claims of the instant application, 
Applicant will consider filing terminal disclaimers. 
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In view of the preceding arguments, applicant believed that the present claims are in 
condition for allowance, which action is respectfully requested. 



A one-month Extension of Time accompanies this Reply. Should any additional fee be 
deemed due, please charge such fee to our Deposit Account No. 22-0261, reference our docket 
number 58086-241892, and notify the undersigned accordingly 



Respectfully submitted, 



Date: July 23, 2009 

Registration No. 44,014 
Venable LLP 
P.O. Box 34385 
Washington, D.C. 20043-9998 
Telephone: (202) 344-4000 
Telefax: (202) 344-8300 
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ABSTRACT 

Cholesterol is an important molecule that plays a key role in regulating cellular differentiation and function. 
Although the possible role of lipids has been implicated in regulating osteoblastic cells, the role of cholesterol 
in that process is not well defined. In this study we have examined the role of the cellular cholesterol 
biosynthetic pathway on osteoblastic differentiation of marrow stromal cells (MSCs). Treatment of pluripotent 
mouse MSCs M2-10B4 with inhibitors of the cholesterol biosynthetic pathway mevastatin or mevinolin 
inhibited the maturation of these cells into functional osteoblastic cells. This was determined by the inhibition 
oTTa^activity and expression of alkaline phosphatase (ALP), a key enzyme involved in differentiation and 
mineralization of osteoblastic cell cultures, as well as inhibition of mineralization. Mevastatin treatment did 
not affect expression of the osteoblast-specific gene osteocalcin (OCN). Furthermore, promoter-reporter 
studies in MSCs showed that mevastatin inhibited activity of the ALP gene promoter, suggesting regulation 
by derivatives of the cholesterol biosynthetic pathway. The effects of mevastatin and mevinolin were reversed 
by mevalonate but not by geranylgeraniol or farnesol, intermediates in the cholesterol biosynthetic pathway. 
Altogether, these results suggest that products of the cholesterol biosynthetic pathway are important for 
proper development of MSCs into functional osteoblastic cells capable of forming a mineralized matrix. 
Identification of those molecules may provide new therapeutic approaches to prevent the decline in osteo- 
blastic activity in osteoporosis and aging. (J Bone Miner Res 2002;17:1997-2003) 
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INTRODUCTION 

a lthough the liver synthesizes most of the body's 
/\endogenous cholesterol, most cell types have the ca- 
pacity for cholesterol biosynthesis/ 1 ' Cholesterol not only 
serves as a precursor for steroid hormones and bile acids 
and an essential component of cellular membranes, but 
together with other intermediates of the cholesterol biosyn- 
thetic pathway regulates signaling molecules including 
hedgehog, Ras, Rab, and Rho. <2_4) The body's total choles- 
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terol is derived through the cellular cholesterol biosynthetic 
pathway and through absorption from the diet. (4) However, 
the synthesis and use of cholesterol must be tightly regu- 
lated to prevent hyperlipidemia and abnormal deposition of 
cholesterol within tissues. Human and animal studies have 
found hypercholesterolemia and the resulting deposition 
and oxidation of lipids in tissues to lead to atherosclerosis (5) 
and relate to carcinogenesis' 0 and osteoporotic bone loss. (S) 
Bone turnover is regulated by osteoblasts and osteoclasts 
that produce and resorb bone, respectively. Impaired bone 
turnover, resulting from increased osteoclastic bone resorp- 
tion and decreased osteoblastic bone formation, has adverse 
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effects on bone quality and quantity in adult organisms and 
leads to osteoporosis. 07 ' Most currently approved therapeu- 
tic interventions for osteoporosis block osteoclastic bone 
resorption. However, because reduced osteoblastic bone 
formation also contributes to the lowering of bone density in 
osteoporosis, anabolic agents that target osteoblasts may 
also be effective in reversing or preventing osteoporotic 
bone loss. Understanding the mechanisms and factors that 
regulate the differentiation and activity of osteoblastic cells 
is fundamental to identification of such therapeutic targets. 

Although exogenous lipids have been implicated in the 
regulation of osteoblastic differentiation/ 8,9 ' the role of cell- 
synthesized cholesterol in that process is not clear. Recent 
studies have indicated that interruption of the cholesterol 
biosynthetic pathway in osteoblastic cells by HMG-CoA 
(3-hydroxy-3-methylglutaryl coenzyme A) reductase inhib- 
itors may induce differentiation and bone-forming activity 
in those cells. (10,u) In contrast, preliminary studies by Nu- 
ckolls et al. indicate that one of these inhibitors, lovastatin, 
reduces endochondral ossification in a cranial base organ 
culture system. 02 ' Although a number of in vivo studies in 
animals and humans have suggested that inhibition of the 
cholesterol biosynthetic pathway by these inhibitors may 
increase bone density and reduce fracture risk, 00,13,14 ' oth- 
ers have found no effect. (1S) 

To assess the role of cholesterol and its biosynthetic 
pathway in regulating differentiation and activity of osteo- 
blastic cells, we examined the effect of two inhibitors of 
cellular cholesterol biosynthesis, mevastatin (compactin) 
and mevinolin (lovastatin), in regulating osteoblastic differ- 
entiation of pluripotent M2-10B4 mouse marrow stromal 

rcells (MSCs) in vitro. These agents inhibited HMG-CoA 
reductase, the rate-limiting enzyme in cholesterol biosyn- 
thesis/ 16,17 ' and significantly suppressed the expression and 
activity of ALP, a key enzyme involved in differentiation 

__and mineralization of osteoblastic cells. cl8> They also inhib- 
ited ultimate calcium mineral deposition in MSC cultures. 
Expression of osteocalcin (OC), an osteoblast-specific pro- 
tein, was not affected by HMG-CoA reductase inhibitor 
treatment. These results suggest that products of the cho- 
lesterol biosynthetic pathway are essential for maturation 
and mineralization of MSCs. 



MATERIALS AND METHODS 

Materials 

4S CaCl 2 was purchased from Amersham Corp. (Piscat- 
away, NJ, USA), ascorbate, ^-glycerophosphate (/3GP), 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro- 
mide (MTT, thiazoyl blue), mevalonic acid, geranylge- 
raniol, and farnesol were from Sigma (St. Louis, MO, 
USA), and RPMI-1640 and a-MEM were from Irvine Sci- 
entific (Santa Ana, CA, USA). Mevastatin and mevinolin 
were purchased from BIOMOL Research Labs (Plymouth 
Meeting, PA, USA). Luciferase assay system and lysis 
buffer were obtained from Promega (Madison, WI, USA). 
The promoter construct containing the mouse liver-bone- 
kidney isozyme of ALP gene promoter was kindly provided 
by Dr. T. Kobayashi (Japan). This ALP 1A 5' promoter 



fragment (-1832 to + 82) was subcloned into the pGL3 
basic luciferase reporter vector (Promega). (19) 

Cell culture 

The M2-10B4 mouse MSC line obtained from American 
Type Culture Collection (ATCC, Rockville, MD, USA) was 
derived from bone MSCs of a (C57BL/6J X C3H/HeJ) Fl 
mouse and supports human and murine myelopoiesis in 
long-term cultures (ATCC). These cells were cultured in 
growth medium consisting of RPMI containing 10% heat- 
inactivated FBS (Hyclone, Logan, UT, USA), and supple- 
mented with 1 mM of sodium pyruvate, 100 U/ml of pen- 
icillin, and 100 U/ml of streptomycin (all from Irvine 
Scientific). To induce osteoblastic differentiation, the cells 
were incubated in osteogenic medium consisting of the 
growth medium to which 50 /xg/ml of ascorbate and 3 mM 
of j3GP were added as previously described.* 20 ' Primary 
human MSCs were obtained from BioWhittaker, Inc. 
(Walkersville, MD, USA) and cultured according to manu- 
facturer's instructions. 



ALP activity assay 

M2-10B4 cells, seeded in 24-well plates, were treated at 
80% confluence with DMSO vehicle alone or test agents in 
osteogenic media as described previously. Colorimetric 
ALP activity assay on whole cell extracts was performed as 
previously described.' 20 ' ALP activity was normalized to 
total protein concentration as assessed by the Bradford 
assay (Bio-Rad, Hercules, CA, USA). 

MTT assay 

The MTT assay was used to measure cell viability. Cells 
were seeded in 24-well plates and treated in the same 
manner as in the experiments for ALP activity measure- 
ments. The MTT assay was performed as previously de- 
scribed/ 21 ' The data were obtained from quadruplicate 
wells and assessed as a percentage of control ± SD. 

45 Ca incorporation assay 

Calcification in cell monolayers was quantified by mea- 
suring 45 CaCl 2 incorporation in the extracellular matrix of 
M2-10B4 cells as previously described.™ 

Transient transfection 

A standard protocol of Effectene-mediated transfection 
was followed according to the manufacturer's instructions 
(Qiagen, San Diego, CA, USA). Briefly, 60-75% confluent 
M2-10B4 cells in a 12-well plate were overlaid with DNA- 
Effectene complexes (0.3 /ig of plasmid DNA and 2.4 /xl of 
2 mgAnl of Effectene) in a-MEM containing 10% FBS. 
After transfection, cells were incubated overnight in RPMI 
containing 10% FBS to allow for recovery. After recovery, 
the cells were treated for 24 h with vehicle or mevastatin. 
Cells were lysed and luciferase and j3-galactosidase activi- 
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ties were determined as previously described.* 20 ' Luciferase 
activity was normalized to j3-galactosidase activity. 

RNA analysis 

Cells were plated in 60-mm dishes and total RNA was 
isolated from confluent monolayers of M2-10B4 cells using 
the RNA isolation kit from Strategene according to manu- 
facturer's instructions (Stratagene, La Jolla, CA, USA). 
RNA (3 /u-g) was DNase-treated and reverse-transcribed as 
previously described. Mouse bone-liver-kidney isozyme of 
ALP, mouse OC, and GAPDH were amplified using the 
primers previously described.' 23 ' The amplified polymerase 
chain reaction (PCR) products were electrophoresed and 
visualized by autoradiography. Autoradiographs were 
scanned and semiquantitated with National Institutes of 
Health (NIH) Image software, version 1.49, public domain 
program (NIH, Bethesda, MD, USA).° 3) ALP and OC band 
intensities were normalized to GAPDH. 

Western blotting and electrophoretic mobility 
shift assay 

Western blot analyses for Cbfal and collagen I protein 
expression and gel mobility shift assay for Cbfal were 
performed as previously described/ 23 ' 

Statistical analysis 

Computer-assisted statistical analyses were performed us- 
ing the StatView 4.5 program. All p values were calculated 
using ANOVA and Fisher's projected least significant dif- 
ference (PLSD) significance test. A value of p < 0.05 was 
considered significant. 



RESULTS 

Effects on markers of osteoblastic differentiation 

To test the role of endogenous cholesterol production in 
osteoblastic differentiation, we treated M2-10B4 MSCs 
with mevastatin or mevinolin. Both agents caused a signif- 
icant dose-dependent inhibition of ALP activity compared 
with untreated control cells (Figs. 1A and IB). Mevastatin 
also inhibited ALP activity in primary human MSCs (Fig. 
1C), confirming its similar effects in murine and human 
cells. 

Treatment of M2-10B4 cells with 2 pM of mevastatin for 
2, 4, or 6 days showed no change in collagen I or Cbfa-1 
protein expression and Cbfa-1 DNA-binding activity as 
assessed by Western blot analysis and electrophoretic mo- 
bility shift assays, respectively (data not shown). 

After 9 days of treatment with mevastatin, a dose- 
dependent inhibition in expression of ALP mRNA but not 
OC mRNA was observed (Fig. 2). Mineral deposition, the 
endpoint of osteoblastic differentiation and function, was 
also assessed by measuring 45 Ca incorporation into the 
extracellular matrix of M2-10B4 cells after 14 days. Mev- 
astatin significantly inhibited 45 Ca incorporation in a dose- 
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FIG. 1. Effect of mevastatin, mevinolin, and mevalonate on ALP 
activity in MSCs. M2-10B4 cells at 80% confluence were treated with 
(A) mevastatin (STATIN) for 2-8 days or (B) mevinolin for 6 days, 
and (C) primary human MSCs at 80% confluence were treated with 
mevastatin for 6 days. ALP activity was determined in cell homoge- 
nates. Results from a representative of three separate experiments are 
shown, reported as the mean ± SD of quadruplicate determinations, 
normalized to protein concentration (p < °- 01 f° r control vs. 
mevastatin- or mevinolin-treated cells at all concentrations). 
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FIG. 2. Effect of mevastatin on gene expression in MSCs. (A) 
M2-10B4 cells at 80% confluence were treated with mevastatin at the 
concentrations indicated. After 9 days of incubation, total RNA was 
isolated from duplicate plates for each condition. Expression of ALP, 
OC, and GAPDH were detected by semiquantitative reverse transcrip- 
tion (RT)-PCR. A representative of two separate experiments is shown, 
each lane corresponding to a separate sample; (B) densitometric anal- 
ysis of the scanned autoradiograph normalized to GAPDH expressed as 
the mean of duplicate samples. 



dependent manner compared with untreated control cells 
(Fig. 3). 

In addition, we examined the effect of mevastatin on cell 
number and protein levels in M2-10B4 cultures. Treatment 
for 3 days or 6 days with 1 pM or 2 pM of mevastatin did 
not change the total cell number or protein levels (data not 
shown) compared with control untreated cells. Treatment 
with 3 /xM of mevastatin after 6 days consistently resulted 
in a 10-20% reduction in total cell number (control = 9 ± 
0.15 X 10 s ; mevastatin = 7.2 ± 0.2 X 10 5 cells/well 
reported as mean of quadruplicate determinations ± SD; 
p < 0.05) and protein levels (data not shown). Treatment 
with 1-3 pM mevastatin showed no toxicity by morpho- 
logical criteria and by the MTT cytotoxicity assay (data not 
shown). 

Effect on ALP promoter activity 

Because ALP expression is regulated at both transcrip- 
tional and posttranscriptional levels, we examined the effect 
of cholesterol biosynthesis inhibitors on ALP promoter ac- 
tivity. Promoter-reporter studies using the mouse liver/ 
bone/kidney ALP promoter with a luciferase reporter 
showed a significant 50% inhibition of luciferase activity in 
the presence of 3 pM of mevastatin after 24 h, suggesting 
that mevastatin inhibits ALP at least in part by inhibition of 
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transcriptional activity (Fig. 4). These effects were not 
observed when cells were transfected with the pGL3 control 
vector (data not shown). 

Rescue by mevalonic acid 

Mevalonic acid, an intermediate in the cholesterol bio- 
synthetic pathway, produced by the reaction catalyzed by 
HMG-CoA reductase/ 3 ' is expected to reverse the effects of 
HMG-CoA reductase inhibitors in vitro. 04 ' In M2-10B4 
cells, mevalonic acid reversed the inhibitory effects of me- 
vastatin and/or mevinolin on ALP activity (Fig. 5), on ALP 
promoter activity (Fig. 4), and on 45 Ca incorporation (Fig. 
3). In contrast, 10-100 pM geranylgeraniol and 10-40 pM 
farnesol, both downstream side-products of the cholesterol 
biosynthetic pathway, did not rescue the cells from the 
inhibitory effect of mevastatin on ALP activity (data not 
shown). This suggests that the reductase inhibitor effects are 
not attributable to depletion of these substrates for protein 
prenylation. 



DISCUSSION 

These results show a role of the cholesterol biosynthetic 
pathway in osteoblastic differentiation of MSCs, based on 
inhibition of differentiation markers by HMG-CoA reduc- 
tase inhibitors, mevastatin, and mevinolin. These agents 
inhibited ALP activity and expression, as well as mineral- 
ization, without changing Cbfa-1, collagen I, and OC ex- 
pression. Furthermore, mevastatin inhibited promoter activ- 
ity of the ALP gene, suggesting that its effect on ALP was 
at least in part at the transcriptional level. The partial 
inhibition in ALP promoter activity produced by mevastatin 
compared with its greater effect on mRNA expression is 
consistent with the reported regulation of ALP gene expres- 
sion at both transcriptional and posttranscriptional 
levels. (25_27) The lack of effect on Cbfa-1, collagen I, and 
OC expression suggests that statins suppress mineralization 
without altering cell identity or lineage. Furthermore, in 
contrast to Cbfa-l-dependent regulation of collagen I and 
OC, regulation of ALP expression may be independent of 
Cbfa-1. <19) Inhibitory effects of mevastatin on ALP but not 
on Cbfa-1- and Cbfa-l-regulated factors suggests an effect 
on other regulatory molecules involved in osteoblastic dif- 
ferentiation of MSCs. We speculate that inhibition of ALP 
is the mechanism for inhibition of mineralization based on 
evidence that this enzyme is the critical regulator of miner- 
alization of osteoblastic cells. (28 " 30) Rescue by mevalonic 
acid indicates that the mevastatin and mevinolin effects are 
caused by HMG-CoA reductase inhibition. However, the 
failure of geranylgeraniol and farnesol to reverse the effects 
suggests that they are not through inhibition of protein 
geranylation or farnesylation, an important regulatory 
mechanism for signaling molecules such as Rab and Rho. 0 ' 
Altogether, these observations support the hypothesis that 
the cholesterol biosynthetic pathway and its derivatives are 
essential for maturation and mineralization of MSC cul- 
tures. 
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FIG. 3. Effect of mevastatin on mineralization 
in MSC cultures. M2-10B4 cells at 80% conflu- 
ence were treated with vehicle (C) or mevastatin 
(MEV; 0.5-3 f*M) in the presence or absence of 
mevalonic acid (MA; 1 mM), and 45 Ca incorpo- 
ration was assessed after 10 days. A representa- 
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FIG. 4. Effect of mevastatin on ALP promoter activity. M2-10B4 
cells were transiently transfected with a construct containing the mouse 
ALP promoter and luciferase reporter. Control buffer (CONTROL), or 
3 pM of mevastatin (STAT) in the presence or absence of 1 mM of 
mevalonic acid (MA) were added for 24 h. Cells were then lysed, and 
luciferase and j3-galactosidase activities were determined as previously 
described. Results from a representative of three separate experiments 
are reported as the mean relative light units for quadruplicate determi- 
nations ± SD normalized to j3-galactosidase activity (p = 0.007 for 
CONTROL vs. STAT and p - 0.013 for STAT vs. STAT + MA). 



MSCs are pluripotent stem cells that are the precursors of 
osteoblasts and generate these bone-forming cells during 
normal bone remodeling and fracture repair. 0 " Several 
studies have indicated a decrease in the number of MSCs, in 
parallel with decreased osteoblast number, in aging and 
osteoporosis/ 32 ' 33 ' Although the reason for this decline is 
not clearly understood, a better understanding of factors 
regulating osteoblastic differentiation of MSCs may help 
identify new targets such as cholesterol and other products 
of the cholesterol biosynthetic pathway for intervention in 
age-related osteoporosis. Previous studies showing that co- 
valent addition of cholesterol to hedgehog is required for its 



function/ 2 ' which in turn regulates expression of and re- 
sponse to bone morphogenetic proteins (BMPs)/ 34 ' 3S) fur- 
ther support a role for cholesterol in osteoblastic differen- 

Some studies have suggested that the statin family of 
HMG-CoA reductase inhibitors increase bone mineral den- 
sity (BMD) in mice/ 10) in patients with type 2 diabetes 
mellitus/ 36 ' and in postmenopausal women/ 37) They also 
decrease the risk of fractures in retrospective nonrandom- 
ized studies/ 13 ' 14 ' One potential mechanism by which st- 
atins could exert an anabolic effect is by a direct stimulatory 
effect on osteoblastic cells/ 10 ' However, because statins are 
almost entirely cleared in the liver, the expected concentra- 
tions at peripheral tissues such as bone would be relatively 
small/ 38 ' An alternative mechanism is the known effect of 
these agents on hepatocytes, a decrease in plasma choles- 
terol and resulting decrease in its deposition in peripheral 
tissues such as artery wall and perhaps bone/ 39,40 ' Circu- 
lating cholesterol can be reduced even without significant 
effects on the cholesterol biosynthesis by peripheral tis- 
sues/ 40 ' Thus, statins may affect bone indirectly through 
lipid-lowering. This concept is supported by evidence that 
hyperlipidemia in mice reduces BMD (41) and that products 
of lipid oxidation such as minimally oxidized low-density 
lipoprotein inhibit differentiation and mineralization of os- 
teoblastic cells in vitro and ex vivo. 020 ' 22 ' Therefore, al- 
though hypercholesterolemia may adversely affect bone, a 
baseline level of cholesterol synthesis by bone cells may be 
necessary for their activity and mineralization. 

The effects of reductase inhibitors on osteoblastic differ- 
entiation vary. Lovastatin and simvastatin at micromolar 
concentrations promote in vitro osteoblastic differentiation 
and induce BMP-2 expression in human cells/ 10 ' Simvasta- 
tin, at nanomolar concentrations, promotes osteoblastic dif- 
ferentiation of MC3T3-E1 mouse calvarial osteoblastic cells 
as well as rat marrow stromal/ 11 ' On the other hand, Nu- 
ckolls et al. report pretiminarily that statins inhibit endo- 
chondral ossification in a cranial organ culture system/ 12 ' 
The cholesterol biosynthetic pathway modulates differenti- 
ation and survival of other cell types. Reductase inhibitors 
and bisphosphonates, which inhibit cholesterol biosynthesis 
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FIG. 5. Effect of mevalonate on inhibition of 
ALP activity by mevastatin. M2-10B4 cells at 
80% confidence were treated with control buffer 
a (STAT), or 



(MEVEN) all 



hlOOfiM 



of mevalonate (MA). After 6 days, ALP activity 
was determined in cell homogenates. Results 
from a representative of three separate experi- 
ments are shown, reported as the mean ± SD of 
quadruplicate determinations, normalized to pro- 
tein concentrations (p < 0.01 for C vs. STAT or 
MEVIN, and p < 0.005 for STAT and MEVIN 
alone vs. in combination with MA). 



downstream of HMG-CoA reductase, induce apoptosis in 
macrophages and osteoclasts/ 42 ' Products of the cholesterol 
biosynthetic pathway also mediate the differentiation and 
growth of enterocytes and epidermal keratinocytes. (43,44) In 
vitro findings may vary with culture conditions and cell 
types. Because HMG-CoA reductase inhibitors may be con- 
sidered in the future as possible therapeutic agents for bone, 
a better understanding of the role of the cholesterol biosyn- 
thetic pathway in osteoblastic differentiation and function is 
needed. 



ACKNOWLEDGMENTS 

The authors thank Dr. Theodore J. Hahn and Dr. Sotirios 
Tetradis for insightful suggestions, Dr. T. Kobayashi (Ja- 
pan) for providing the ALP promoter-reporter construct, 
Vien Le for expert technical assistance, and the UCLA 
Biomedical Technology Research and Instructional Produc- 
tion Facility for assistance with graphics. This work was 
supported in part by the NTH grant HL30568, the Laubisch 
Fund, the SamNassy Fund, and National Institute on Aging 
Pepper Center grant IP60-AG10415. 



REFERENCES 

1. Rao KN 1995 The significance of the cholesterol biosynthetic 
pathway in cell growth and carcinogenesis. Anticancer Re- 
search 15:309-314. 

2. Porter JA, Young KE, Beachy PA 1996 Cholesterol modifi- 
cation of hedgehog signaling proteins in animal development. 
Science 274:255-259. 

3. Edwards PA, Ericsson J 1999 Sterols and isoprenoids: Signal- 
ing molecules derived from the cholesterol biosynthetic path- 
way. Annu Rev Biochem 68:157-185. 

4. Russell DW 1992 Cholesterol biosynthesis and metabolism. 
Cardiovasc Drugs Ther 6:103-110. 

5. Ross R 1999 Atherosclerosis— An inflammatory disease. 
N Engl J Med 340:115-126. 

6. Parhami F, Garfinkel A, Demer LL 2000 Role of lipids in 
osteoporosis. Arterioscler Thromb Vase Biol 20:2346-2348. 



7. Mullender MG, van der Meer DD, Huiskes R, Lips P 1996 
Osteocyte density changes in aging and osteoporosis. Bone 
18:109-113. 

8. Kruger MC, Honobin DF 1997 Calcium metabolism, osteo- 
porosis and essential fatty acids: A review. Prog Lipid Res 
36:131-151. 

9. Watkins BA, Shen CL, McMurtry JP, Xu H, Bain SD, Allen 
KGD, Seifert MF 1997 Dietary lipids modulate bone prosta- 
glandin Ej production, insulin-like growth factor-I concentra- 
tion and formation rate in chicks. J Nutr 127:1084-1091. 

10. Mundy G, Garrett R, Harris S, Chan J, Chen D, Rossini G, 
Boyce B, Zhao M, Gutierrez G 1999 Stimulation of bone 
formation in vitro and in rodents by statins. Science 286: 
1946-1949. 

11. Maeda T, Matsunuma A, Kawane T, Horiuchi N 2001 Sim- 
vastatin promotes osteoblast differentiation and mineralization 
in MC3T3-E1 cells. Biochem Biophys Res Commun 280: 
874-877. 

12. Nuckolls GH, Kane A, Shum L, Slavkin HC 2000 Lovastaun 
promotes cartilage growth but inhibits endochondral ossifica- 
tion of the cranial base in organ culture. J Bone Miner Res 
15:S1;S426 (abstract). 

13. Meier CR, Schlienger RG, Kraenziin ME, Schlegel B, Jick H 
2000 HMG-CoA reductase inhibitors and the risk of fractures. 
JAMA 283:3205-3210. 

14. Chan KA, Andrade SE, Boles M, Buist DSM, Chase GA, 
Donahue JG, Goodman MJ, Gurwitz JH, LaCriox AZ, Piatt R 
2000 Inhibitors of hydroxymethylglutaryl-coenzyme A reduc- 
tase and risk of fracture among older women. Lancet 355: 
2185-2188. 

15. Reid IR, Hague W, Emberson J, Baker J, Tonkin A, Hunt D, 
MacMahon S, Sharpe N 2001 Effect of pravastatin on fre- 
quency of fracture in the LIPID study: Secondary analysis of 
a randomized controlled trial. Long-term intervention with 
paravastatin in ischaemic disease. Lancet 357:509-512. 

16. Goldstein JL, Brown MS 1990 Regulation of mevalonate 
pathway. Nature 343:425-430. 

17. Alberts AW, Chen J, Kuron G, Hunt V, Huff J, Hoffman C, 
Rothrock J, Lopez M, Joshua H, Harris E, Patchett A, Monaghan 
R, Cunie S, Stapley E, Albers-Schonberg G, Hensens O, Hirsh- 
field J, Hoogsteen K, Liesch J, Springer J 1980 Mevinoiin: A 
highly potent competitive inhibitor of hydroxymethylglutaryl- 
coenzyme A reductase and a cholesterol-lowering agent Proc 
Natl Acad Sci USA 77:3957-3961. 

18. Stein G, Lian J 1993 Molecular mechanisms mediating 
proliferation/differentiation interrelationships during progres- 



CHOLESTEROL BIOSYNTHESIS IN OSTEOBLASTIC CELLS 



2003 



sive development of the osteoblast phenotype. Endocr Rev 
14:424-442. 

19. Kobayashi T, Sugimoto T, Kanzawa M, Chihara K 1998 
Identification of an enhancer sequence in 5 '-flanking region of 
1A exon of mouse liver/bone/kidney-type alkaline phospha- 
tase gene. Biochem Mol Biol Intern 44:683-691. 

20. Parhami F, Jackson SM, Tintut Y, Le V, Balucan JP, Territo 
M, Demer LL 1999 Atherogenic diet and minimally oxidized 
low density lipoprotein inhibit osteogenic and promote adipo- 
genic differentiation of marrow stromal cells. J Bone Miner 
Res 14:2067-2078. 

21. Mody N, Parhami F, Sarafian TA, Demer LL 2001 Oxidative 
stress modulates osteoblastic differentiation of vascular and 
bone cells. Free Rad Biol Med 31:509-519. 

22. Parhami F, Morrow AD, Balucan J, Leitinger N, Watson AD, 
Tintut Y, Berliner JA, Demer LL 1997 Lipid oxidation prod- 
ucts have opposite effects on calcifying vascular cell and bone 
cell differentiation: A possible explanation for the paradox of 
arterial calcification in osteoporotic patients. Arterioscler 
Thromb Vase Biol 17:680-687. 

23. Tintut Y, Patel J, Parhami F, Demer LL 2000 Tumor necrosis 
factor-a promotes in vitro calcification of vascular cells via the 
cAMP pathway. Circulation 102:2636-2642. 

24. Martin G, Duez H, Blanquart C, Berezowski V, Poulain P, 
Fruchart JC, Najib-Fruchart J, Glineur C, Staels B 2001 Statin- 
induced inhibition of the Rho-signaling pathway activates 
PPARa and induces HDL apo-AI. J Clin Invest 107:1423- 
1432. 

25. Gianni M, Terao M, Paolo N, Barbui T, Rambaldi A, Garattini 
E 1995 All-trans retinoic acid and cyclic adenosine monophos- 
phate cooperate in the expression of leukocyte alkaline phos- 
phatase in acute promyelocytic leukemia cells. Blood 85: 
3619-3635. 

26. Heath JK, Suva U, Yoon K, Kiledjian M, Martin TJ, Rodan 
GA 1992 Retinoic acid stimulates transcriptional activity from 
the alkaline phosphatase promoter in the immortalized rat 
calvarial cell line, RTC-1. Mol Endocrinol 6:636-646. 

27. Kiledjian M, Kadesch T 1991 Post-transcriptional regulation 
of the human liver/bone/kidney alkaline phosphatase gene. 
J Biol Chem 266:4207-4213. 

28. Hui M, Tenenbaum HC 1998 New face of an old enzyme: 
Alkaline phosphatase may contribute to human tissue aging by 
inducing tissue hardening and calcification. Anat Rec 253:91- 
94. 

29. BeUows CG, Aubin JE, Heersche JNM 1991 Initiation and 
progression of mineralization of bone nodules formed in vitro: 
The role of alkaline phosphatase and organic phosphate. Bone 
Miner 14:27-40. 

30. Klein BY, Gal I, Segal D 1993 Studies of the levamisole 
inhibitory effect on rat stromal-cell commitment to mineral- 
ization. J Cell Biochem 53:114-121. 

31. Prockop DJ 1997 Marrow stromal cells as stem cells for 
non-hematopoietic tissues. Science 276:71-74. 

32. Bergman RJ, Gazit D, Kahn AJ, Gruber H, McDougall S, 
Hahn TJ 1996 Age-related changes in osteogenic stem cells in 
mice. J Bone Miner Res 11:568-577. 



33. Majors AK, Boehm CA, Nitto H, Midura RJ, Muschler GF 
1997 Characterization of human bone marrow stromal cells 
with respect to osteoblastic differentiation. J Orthop Res 15: 
546-557. 

34. Krishnan V, Yanfei LMA, Moseley JM, Geiser AG, Friant S, 
Frolik CA 2001 Bone anabolic effects of Sonic/Indian hedge- 
hog are mediated by BMP-2/4-dependent pathways in the 
neonatal rat metatarsal model. Endocrinology 142:940-947. 

35. Murtaugh LC, Chyung JH, Lassar AB 1999 Sonic hedgehog 
promotes somitic chondrogenesis by altering the cellular re- 
sponse to BMP signaling. Genes Dev 13:225-237. 

36. Chung Y, Lee M, Lee S, Kim H, Fitzpatrick LA 2000 HMG- 
CoA reductase inhibitors increase BMD in type 2 diabetes 
mellitus patients. J Clin Endocrinol Metab 85:1137-1142. 

37. Edwards CJ, Hart DJ, Spector TD 2000 Oral statins and 
increased bone mineral density in postmenopausal women. 
Lancet 355:2218-2219. 

38. Hamelin BA, Turgeon J 1998 Hydrophilicity/lipophUicity: 
Relevance for the pharmacology and clinical effects of HMG- 
CoA reductase inhibitors. Trends Pharmacol Sci 19:1-38. 

39. Callister TQ, Raggi P, Cooil B, Lippolis NJ, Russo DJ 1998 
Effect of HMG-CoA reductase inhibitors on coronary artery 
disease as assessed by electron-beam computed tomography. 
N Engl J Med 339:1972-1978. 

40. Huang Y, Hall IH 1996 Synthesis and pharmacological studies 
of 3-amino-2-methyl-l-phenylpropanones as hypolipidemic 
agents in rodents. Arch Pharm (Weinheim) 329:329-338. 

41. Parhami F, Tintut Y, Beamer WG, Gharavi N, Goodman W, 
Demer LL 2001 Atherogenic high-fat diet reduces bone min- 
eralization in mice. J Bone Miner Res 16:182-188. 

42. Fisher JE, Rogers MJ, Halasy JM, Luckman SP, Hughes DE, 
Masarachia PJ, Wesolowski G, Russell RGG, Rodan GA, 
Reszka AA 1999 Alendronate mechanism of action: Gera- 
nylgeraniol, an intermediate in the mevalonate pathway, pre- 
vents inhibition of osteoclast formation, bone resorption, and 
kinase activation in vitro. Proc Natl Acad Sci USA 96:133- 
138. 

43. Herold G, Jungwirth R, Rogler G, Geerling I, Stange EF 1995 
Influence of cholesterol supply on cell growth and differenti- 
ation in cultured enterocytes (CaCo-2). Digestion 56:57-66. 

44. Denning MF, Kazanietz MG, Blumberg PM, Yuspa SH 1995 
Cholesterol sulfate activates multiple protein kinase C isoen- 
zymes and induces granular cell differentiation in cultured 
murine keratinocytes. Cell Growth Differ 6:1619-1626. 

Address reprint requests to: 
Farkad Parhami, PhD. 
University of California at Los Angeles 
Division of Cardiology 
Center for the Health Sciences 47-123 
10833 Le Conte Avenue 
Los Angeles. CA 90095, USA 



Received in original form October 3, 2001; in revised form May 
17, 2002; accepted May 23, 2002. 



